In most living organisms, behavioral and physiological processes display ϳ24-h rhythms that are controlled by circadian pacemakers (6, 15, 22, 37) . Although these rhythms persist in constant conditions, fluctuations of the natural environment entrain rhythms to precisely 24-h periods. The circadian clock is made up of three components: an input pathway adjusting the time, a central oscillator generating the circadian signal, and an output pathway manifesting itself in circadian physiology and behavior (10, 12, 23, 25) . In mammals, the master circadian pacemaker is located in the suprachiasmatic nucleus, which controls neural and humoral signals that either drive output rhythms or synchronize peripheral oscillators with the day-night cycle (3, 38) .
Autoregulatory feedback loops of gene expression are believed to provide the rhythm-generating mechanisms. Since several clock genes are conserved in flies and mammals, the fundamental mechanism may be evolutionarily conserved (40) . In mammals, the positive limb of the feedback loop is composed of CLOCK and BMAL1 (2, 4, 8, 16) , while the negative limb is composed of cryptochrome proteins (Cry1 and Cry2) and period proteins (Per1, Per2, and Per3) (1, 5, 27, 29, 31, 32, 33, 35, 41) .
In Drosophila melanogaster, doubletime (dbt) was identified as a kinase, which is thought to phosphorylate dPer (Drosophila Period) (17, 21) . Missense mutations in dbt result in an altered circadian rhythm. Null alleles of dbt result in hypophosphorylation of dPer and arrhythmia. Dbt-mediated phosphorylation destabilizes dPer so that the level of dPer increases only when dTim (Drosophila Timeless) is increasing (17, 21, 24) . In the Syrian hamster, the tau mutation is a spontaneous, semidominant mutation causing a short-period phenotype. Using a positional syntenic cloning strategy, the tau locus is revealed to encode casein kinase I ε (CKIε), a mammalian homolog of Dbt, and the mutation causes substitution of a cysteine for a conserved arginine at residue 178 (19) . The ability of the mutant CKIε to phosphorylate the mPer proteins is reduced compared to that of wild-type CKIε. Moreover, recent studies suggest that deficiency of hPer phosphorylation by CKIε may be implicated in human sleep disorders. Familial advanced sleep phase syndrome (FASPS) can be attributed to a missense mutation in hPer2, which causes hypophosphorylation of the hPer2 protein by CKIε in vitro (34) . The polymorphism in a region of the hPer3 gene, a presumable CKIε binding domain, is suggested to be associated with delayed sleep phase syndrome (DSPS) (7) . Thus, it is generally believed that CKIε is an essential regulator of the mammalian circadian clock, but the mechanisms by which CKIε regulates each components of the circadian negative-feedback loop have not been fully defined.
In this study, we examined interactions of CKIε and CKI␦ with each component of the feedback loop and found that CKIε and CKI␦ bind to and phosphorylate mPer proteins specifically. Recent reports suggested that CKIε could regulate subcellular localization of mPer proteins (30, 36) and affect the stability of hPer1 and mPer1 (14, 36) . We have here identified potential CKIε phosphorylation sites on mPer3 and shown that CKIε and CKI␦ induce nuclear translocation of mPer3 by phosphorylating it. This nuclear import is shown to require a nuclear localization signal (NLS) in mPer3. We have also shown that the ubiquitin-proteasome system operates in the CKIε-mediated degradation of mPer proteins. Finally, our results have revealed that CKIε and CKI␦ reduce the inhibitory effect of mPer2 on the transcriptional activity of BMAL1-CLOCK but enhance the effect of mPer3. These results suggest that CKIε and CKI␦ control each function of mPer1, mPer2, and mPer3 differently by specifically interacting with and phosphorylating them and thus regulate the mammalian circadian autoregulatory loop.
MATERIALS AND METHODS
Reagents and plasmids. Anti-Myc monoclonal antibody (9E10) and rabbit anti-Myc polyclonal antibody (A-14) were purchased from Santa Cruz Biotechnology, Inc. Rabbit anti-hemagglutinin (HA) polyclonal antibody was from Clontech. The monoclonal antibody directed against the CKIε carboxyl-terminal region from Transduction Laboratories. The open reading frames of mouse clock proteins and CKI were subcloned into pcDNA3, pcDNA3(HA), or pcDNA3 (Myc), and these constructs were utilized for transfections and in vitro translations.
In vitro translation and coimmunoprecipitation. Each of the clock proteins or the CKIε was separately synthesized in vitro by using TNT T7 Coupled Reticulocyte Lysate System (Promega) according to the manufacturer's instructions. For the coimmunoprecipitation experiments, 10-l aliquots of each specific TNT reaction mixture were mixed and incubated for 30 min at 30°C. Incubation buffer (50 mM Tris-Cl, 50 mM NaCl, 100 mM NaF, 10% glycerol, 2 mM EDTA, 2 mM sodium orthovanadate, 10 mM sodium pyrophosphate, 1 mM dithiothreitol [DTT], 1% Nonidet P-40 [pH 8.0]; supplemented with 0.1 TIU of aprotinin/ml, 10 g of leupeptin/ml, and 1 mM phenylmethylsulfonyl fluoride) was then added, and each of these mixtures was incubated with anti-HA antibody and protein G-Sepharose beads (Pharmacia, Uppsala, Sweden) at 4°C for 2 h. These beads were washed three times with 500 l of the incubation buffer. After resolution by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), the immunoprecipitates were detected by a Bio-Rad phosphorimager. The data were analyzed by using Molecular Analyst software (Bio-Rad).
Bacterial expression and purification of recombinant CKI. For bacterial expression, the open reading frame of CKIε or CKIε(KR) was subcloned into the expression vector pGEX-5T (Pharmacia Biotech). Escherichia coli cells (BL21) transformed with pGEX-CKIε or pGEX-CKIε(KR) were grown overnight to saturation in 10 ml of Luria-Bertani (LB) medium containing 50 g of ampicillin/ ml. The cells were grown in 2 liters of LB medium containing 50 g of ampicillin/ml at 37°C to reach an A 600 of 0.6. After the temperature shift to 25°C, IPTG (isopropyl-␤-D-thiogalactopyranoside) was added to a final concentration of 1 mM, and the cells were cultured for 9 h. Glutathione S-transferase (GST)-CKIε or GST-CKIε(KR) was purified by affinity chromatography on glutathioneSepharose 4B (Pharmacia Biotech).
GST pull-down assay. Each of the Myc-tagged clock proteins was expressed in COS7 cells, and the cells were lysed in the incubation buffer (see above). The lysates precleared by centrifugation were incubated with GST (100 ng), GST-CKIε (20 ng), or GST-CKIε(KR) (20 ng), as well as glutathione-Sepharose 4B, for 16 h at 4°C. The beads were then washed twice with the incubation buffer. After they were resolved by SDS-PAGE, the precipitates were analyzed by immunoblotting.
In vitro kinase assay. Each of the Myc-tagged clock proteins was expressed in COS7 cells, and the cells were lysed in the incubation buffer. Myc-tagged proteins were immunoprecipitated by incubating the cell lysates with anti-Myc antibody (9E10) and protein G-Sepharose beads for 2 h at 4°C. The beads were washed twice with the incubation buffer and once with a kinase reaction buffer (30 mM HEPES [pH 7.5], 7 mM MgCl 2 50 g of bovine serum albumin [BSA]/ml, 50 M ATP, 0.5 mM DTT). The washed beads were mixed with a kinase reaction buffer supplemented with either GST-CKIε (20 ng) or GST-CKIε(KR) (20 ng), plus 5 Ci of [␥-32 P]ATP, and incubated for 30 min at 30°C. The reaction was stopped by the addition of Laemmli sample buffer. After resolution by SDS-PAGE, substrate phosphorylation was detected with a Bio-Rad phosphorimager. The data were analyzed by using Molecular Analyst software (Bio-Rad).
Cell culture and transfections. COS7 cells were cultured in Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal calf serum and antibiotics (100 U of penicillin and 0.2 mg of kanamycin/ml). The cells were seeded in 35-mm dishes for 24 h before transfection at a density of 5 ϫ 10 5 cells per dish. In cotransfection, the total amount of DNA per well was adjusted to 1 g (or 1.1 g for luciferase assays) by adding pcDNA3 vector as carrier. The plasmids were mixed with Lipofectamine Plus (Life Technologies) and in serum-free Opti-MEM (Life Technologies). After transfection, the cells were incubated in DMEM supplemented with 10% fetal calf serum for an additional 36 h before extraction. Cells were scraped into 100 l of incubation buffer (see above). The cell lysates were centrifuged at 12,000 ϫ g for 30 min. For the immunoprecipitation experiments, the supernatant was then mixed and incubated with an antibody and protein G-Sepharose. Antibody. Polyclonal antisera were raised in rabbits against two synthetic peptides from the deduced amino acid sequences of mPer1. An N-terminal peptide (SGPLEGADGGGD) corresponding to amino acids 2 to 13 and a C-terminal peptide (DGLGLEPMEEGGGE) corresponding to amino acids 1223 to 1236 were synthesized and conjugated to BSA. Each antibody was affinity purified with the peptide-conjugated cellulose and termed anti-mPer1(N) antibody and anti-mPer1(C) antibody, respectively. For immunoprecipitation of endogenous mPer1 protein, NIH 3T3 cells were incubated in hypotonic lysis buffer (20 mM Tris-HCl [pH 7.4], 5 mM MgCl 2 , 8 mM KCl, 1 mM dithiothreitol, 1 g of leupeptin/ml, 1 g of pepstatin/ml, and 1 mM phenylmethylsulfonyl fluoride) and homogenized. After centrifugation at 12,000 ϫ g for 10 min, the resulting supernatant was mixed with each of antibodies and protein G-Sepharose beads.
Mutagenesis. The mutants used were constructed by PCR-based mutagenesis. PCR was performed by using KOD plus DNA polymerase (Toyobo), a thermostable DNA polymerase isolated from Pyrococcus kodakaraensis KOD1. DpnI restriction enzyme-treated PCR products were transformed into E. coli. Positive clones were picked up, and mutagenesis was verified by sequencing.
Ubiquitination. To show ubiquitination of mPer proteins, each of Myc-tagged mPer proteins was coexpressed with HA-tagged ubiquitin. The cells were lysed in 1% SDS-Tris buffer (1% SDS, 20 mM Tris-HCl [pH 6.8], 5 mM EDTA) and boiled for 10 min. The lysates were diluted 10-fold into the incubation buffer (see above) and then subjected to anti-Myc immunoprecipitation.
Pulse-chase experiments. To study the metabolic stability of mPer proteins expressed in COS7 cells, the cells were incubated for 1 h in methionine-cysteinedeficient medium and then for 30 min in 300 Ci of [
35 S]-labeled methioninecysteine/ml. The cells were washed with DMEM and incubated for various lengths of time in DMEM-10% fetal calf serum with or without MG-132. The cells were lysed in the incubation buffer (see above) containing protease inhibitors, and the cell lysates were centrifuged at 12,000 ϫ g for 15 min. For the immunoprecipitation, the supernanant was then mixed and incubated with antiMyc antibody (9E10) and protein G-Sepharose.
Cell staining. Cells were fixed by the direct addition of 3.7% formaldehyde (final concentration) to the cell culture medium and then permeabilized with 0.5% Triton X-100 in phosphate-buffered saline (PBS) for 5 min. The coverslips were incubated with 3% BSA-PBS dissolving primary antibodies at 4°C overnight and then with the appropriate secondary antibodies at room temperature for 1 h. The cells were finally mounted in Mowiol and examined by using a Zeiss Axiophoto.
Luciferase assays. Each transfection contained the arginine vasopressin promoter cloned into pGL3-Basic (50 ng; Promega) and cytomegalovirus ␤-galactosidase (50 ng). Amounts of the constructs transfected varied depending on the experiment (see the figure legends for details). The total amount of DNA per well was adjusted by adding pcDNA3 vector as carrier. At 36 h after transfection, COS7 cells were scraped into 150 l of reporter lysis buffer (Promega) and centrifuged at 12,000 ϫ g for 5 min after being vortex mixed for 15 s. The supernatant was used as a cell extract to detect the luciferase activity. The luciferase assay was carried out by using a luciferase assay system (Promega). In brief, 20 l of the room temperature cell extract was mixed with 100 l of room temperature luciferase assay reagent containing the substrate. The reaction was performed and measured in a luminometer (LB9507; Berthold). To determine the transfection efficiency in each assay, the ␤-galactosidase activity was measured according to the protocol of Promega, and the data were normalized for ␤-galactosidase activity.
RESULTS

CKI and CKI␦ bind to and phosphorylate mPer proteins.
We first examined, by using various biochemical methods, the possible physical interactions of CKIε with each component of the mammalian circadian feedback loop in order to search for specific targets of CKIε. mPer1, mPer2, mPer3, mCry1, mCry2, and mBMAL1 were separately synthesized in vitro and incubated with in vitro-synthesized HA-tagged CKIε. By immunoprecipitation with anti-HA antibody, mPer1 and mPer2 were coimmunoprecipitated with CKIε (Fig. 1A) . A kinase-dead form of CKIε [i.e., CKIε(KR)] also coimmunoprecipitated with mPer1 and mPer2 (Fig. 1A) . A GST pulldown assay with GSTfused CKIε or CKIε(KR) toward these clock proteins expressed in COS7 cells also showed the interaction of CKIε with mPer1 and mPer2 (Fig. 1B) . In both assays, mPer2 bound to CKIε more tightly than did mPer1 ( Fig. 1A and B) . In kinase assays, all of the three mPer proteins were readily phosphorylated by recombinant CKIε, whereas mCry1, mCry2, or mBMAL1 was not significantly phosphorylated by CKIε under the same conditions (Fig. 1C) . Physical interaction of CKIε with mPer1, mPer2, and mPer3 and CKIε phosphorylation of the mPer proteins were recently reported (30) . We then examined the association of CKI␦ or CKIε with these clock proteins in cultured cells, since CKI␦ is closest to CKIε (97% identity in the kinase domain) of the seven identified members of CKI (9) . Coexpression and coimmunoprecipitation assays showed that both CKIε and ␦ bound to mPer1 and mPer2 specifically and that both kinases, but not CKIε(KR), were able to cause a significant electrophoretic mobility shift in mPer1, mPer2, and mPer3 ( Fig. 1D) . Especially, the same results were obtained by using a C-terminus-deleted mutant of CKIε (CKIε⌬C, Fig. 1D ), which lacks a C-terminal region outside the catalytic domain. Therefore, it may be that CKIε and CKI␦ recognize and bind to mPer proteins through their kinase domain in their primary sequence. The electrophoretic retardation of the mPer protein bands resulted from phosphorylation, since it was reversed by the phosphatase treatment (Fig. 1E ). These results, taken together, suggest that CKIε and CKI␦ phosphorylate mPer1, mPer2, and mPer3 specifically and bind to mPer1 and mPer2 tightly and that only mPer proteins among clock components can be specific targets of CKI. We were able to detect binding of mPer3 to CKI under milder wash conditions in which other proteins did not bind to CKI (data not shown). Thus, the binding affinity of mPer3 for CKI appears to be lower than that of mPer1 or mPer2 but is still higher than that of other proteins.
In vivo association between mPer1 and CKI. We produced two kinds of anti-mPer1 antibodies by using an N-terminal peptide sequence (residues 2 to 13) and a C-terminal peptide sequence (residues 1223 to 1236), respectively, as antigens. The antisera were affinity purified on each of the peptides and were termed anti-mPer1(N) antibody and anti-mPer1(C) antibody, respectively. The anti-mPer1(N) antibody recognized two major bands with relative molecular masses of ca. 200 and 140 kDa, respectively, in various mammalian cells (Fig. 2A) . The 140-kDa band may correspond to a 140-kDa band which was previously revealed by using a similar anti-N-terminal peptide antibody (11) . Multiple bands may be attributed to alternative splicing (29) and/or to some posttranslational modification. Anti-mPer1(C) antibody, however, recognized only the 200-kDa band in the same cells (Fig. 2B) . It specifically reacted with Myc-mPer1 among Myc-tagged versions of mPer1, mPer2, and mPer3 (Fig. 2C) . When extracts from NIH 3T3 cells were subjected to immunoprecipitation with each of these antibodies against mPer1 [anti-mPer1(C) antibodies produced in two rabbits, C-1 and C-2, and anti-mPer1(N) antibodies produced in two rabbits, N-1 and N-2], CKIε was coimmunoprecipitated in every case (Fig. 2D ). Control immunoprecipitation with anti-Myc antibody or anti-HA antibody did not precipitate CKIε (Fig. 2D) . Therefore, we can conclude that endogenous mPer1 binds to endogenous CKIε in NIH 3T3 cells.
mPer, mCry, and CKI form a ternary complex. To determine a CKIε binding domain on mPer proteins, various deletion mutants of Myc-tagged mPer2 (see Fig. 3A , left) were expressed with HA-tagged CKIε in COS7 cells, and coimmunoprecipitation assays were performed with anti-HA antibodies. The results shown in Fig. 3A (right) suggested that the CKIε binding domain of mPer2 is located between residues 555 and 754 (Fig. 3A) . This result is essentially the same as the recently reported result for a CKIε binding domain in mPer2 (34) . Our result concerning an mPer1 binding site on mPer2 (Fig. 3A) was also consistent with the previous results indicating that mPer proteins homo-or heterodimerize through their PER-ARNT-SIM (PAS) domains (39) . Our assay further identified an mCry1 binding domain on mPer2 as a C-terminal region (residues 1068 to 1257; Fig. 3A) , the region being highly conserved among three mPer proteins. Deletion of the corresponding region in both mPer1 and mPer3 also resulted in deficiency of their interaction with mCry1 (data not shown). Since the CKIε binding domain and the mCry1 binding domain on mPer2 are not overlapping, mPer2, mCry1, and CKIε could form a ternary complex. Actually, endogenous CKIε was coimmunoprecipitated with HA-mCry1 only when full-length mPer1 or full-length mPer2 but not mPer3 or the C-terminal (i.e., the mCry binding site) deleted forms of mPer1 or mPer2 (mPer1⌬1085-1291 or mPer2⌬1068-1257) was coexpressed (Fig. 3B, right panel) . Also, in vitro-synthesized mCry1 was coimmunoprecipitated with HA-CKIε only in the presence of mPer1 or mPer2 (Fig. 3C) . These results suggest that CKIε, mCry1, and either mPer1 or mPer2 form a ternary complex.
Identification of potential CKI phosphorylation sites on mPer3. CKIε phosphorylation sites on mPer proteins may lie around and/or in the CKIε binding domain. Sequences corresponding to a consensus motif for CKIε phosphorylation (20) are present in the middle region of the CKIε binding domain on mPer2 and conserved in all Per proteins ( Fig. 4A and B) . A recent report suggested that these residues in Per2 are a subset of CKI phosphorylation sites (34) . Then, various mutants of mPer3 in which part or all of the seven conserved serine and threonine residues are replaced by alanines (Fig. 4B, mut1 to mut7) were produced and expressed with or without CKIε in COS7 cells. Wild-type mPer3 showed a marked mobility shift in SDS-PAGE in the presence of CKIε; ca. 70% of wild-type mPer3 was in the phosphorylated (i.e., the mobility-shifted) form in the presence of CKIε (Fig. 4C) . In contrast, the ratio of the mobility-shifted band in the presence of CKIε was reduced in all of the mutants of mPer3; only ca. 10 to 40% of the molecules were in the phosphorylated form. The pattern of the CKI-induced electrophoretic retardation of mutant proteins was slightly but reproducibly different from that of wild-type proteins. The mutations in each sites do not produce completely the same results. For example, mut1 differed slightly but reproducibly from mut2 or mut3. We speculate that, as reported in hPer2 (34), phosphorylation of mPER3 S613 (the first serine in potential phosphorylation sites) would create CKIε recognition sites for phosphorylation of downstream serine or threonine residues. In mut7 in which all of the conserved serine and threonine residues in this region were mutated, the ratio of the shifted band was greatly reduced repro- (control) , mPer1, mPer2, mPer3, mCry1, mCry2, and mBMAL1 were separately synthesized in vitro by using TNT T7 Coupled Reticulocyte Lysate System (right panel) and then mixed with in vitro-synthesized HA-tagged CKIε or CKIε(KR) and incubated. Each of these mixtures was subjected to immunoprecipitation with anti-HA antibody (12CA5). After resolution by SDS-PAGE, immunoprecipitates were detected by a Bio-Rad phosphorimager (left panel). (B) Myc-tagged mPer1, mPer2, mPer3, mCry1, mCry2, or mBMAL1 was expressed in COS7 cells. Each of the cell extracts was incubated with GST, GST-fused CKIε, or GST-fused CKIε(KR) (expressed in E. coli, and purified) and glutathione-Sepharose 4B. The beads were then washed with the incubation buffer. After resolution by SDS-PAGE, proteins were analyzed by immunoblotting with anti-Myc antibody (A-14). (C) Myc-tagged mPer1, mPer2, mPer3, mCry1, mCry2, or mBMAL1 was expressed in COS7 cells. The cell extracts were subjected to immunoprecipitation with anti-Myc antibody (9E10). The washed beads were mixed with a kinase reaction buffer supplemented with GST-fused CKIε or GST-fused CKIε(KR), as well as [␥-
32 P]ATP, and incubated for 30 min. After resolution by SDS-PAGE, substrate phosphorylation was detected by a Bio-Rad phosphorimager. (D) Myc-tagged mPer1, mPer2, mPer3, mCry1, mCry2, or mBMAL1 was expressed in COS7 cells, together with HA-tagged CKIε, CKIε⌬C, CKI␦, or CKIε(KR). The cell lysates were subjected to immunoprecipitation with anti-HA antibody (12CA5). After resolution by SDS-PAGE, immunoprecipitates were analyzed by immunoblotting with anti-Myc antibody (A-14) . (E) Myc-tagged mPer1, mPer2, or mPer3 was expressed in COS7 cells, together with or without CKI␦. The cell lysates were subjected to immunoprecipitation with anti-Myc antibody (9E10), and the washed beads were resuspended in phosphatase buffer and incubated with or without (mock) 40 U of purified lambda phosphatase for 30 min. After resolution by SDS-PAGE, the immunoprecipitates were analyzed by immunoblotting with anti-Myc antibody (A-14). (Fig. 4C) . We then made mutants of mPer3 in which nonphosphorylated residues in the region were replaced by alanines (Fig. 4B, mut8 and mut9 ). In addition, we also generated two mutants in which other serine and threonine residues in the CKIε binding domain were replaced by alanines (mPer3 T544A S547A and mPer3 T649A S652A in Fig. 4D ).
The results showed that all of these mutants exhibited essentially the same CKI-mediated electrophoretic retardation as that of wild-type mPer3 (Fig. 4D) . Furthermore, we confirmed that the newly made mPer2 mutant corresponding to the mPer3 mut7 was also able to bind to CKIε (data not shown). Therefore, our data indicate that the reduction of the mobilityshifted bands in mut1 to mut7 results from the mutation of phosphorylation sites. It should be noted, however, that even in mut7, the CKIε-dependent mobility shift was detected (Fig.  4E) . These results suggest that these serine and threonine residues are potential phosphorylation sites for CKIε, as shown previously in Per2 (34) , and that there are other phosphorylation sites. CKI promotes ubiquitination of mPer proteins. We noticed that the protein levels of mPer1 and mPer3 were significantly reduced when coexpressed with CKIε or CKI␦ (see Fig. 1D and Fig. 4C ) and that the protein levels of the potential phosphorylation site mutants of mPer3 were relatively increased (see Fig. 4C ). So, we hypothesized that CKIε and CKI␦ promote the ubiquitin-proteasome pathway-dependent degradation of mPer proteins. First, we examined ubiquitination of mPer proteins. Each of Myc-tagged mPer proteins was coexpressed with HA-ubiquitin in the presence or absence of CKIε or CKI␦. Then, immunoprecipitates with anti-Myc antibody were immunoblotted with anti-HA antibody. In the case of Myc-mPer1 and Myc-mPer3, CKIε or CKI␦, but not CKIε (KR), promoted the accumulation of high-molecular-mass species recognized by the anti-HA antibody (Fig. 5A) , indicating that mPer1 and mPer3 become multiply ubiquitinated in response to phosphorylation by CKIε or CKI␦. Since mPer2 protein seemed to be highly ubiquitinated even in the absence of CKI, the effect of CKI was not clearly detected. We then examined the metabolic stability of mPer proteins. To this end, we expressed Myc-mPer proteins in COS7 cells and pulsed the cells with 35 S-labeled methionine-cysteine. In the presence of CKIε, shifts in electrophoretic mobility of mPer3 occurred (Fig. 5B) , and the amount of the labeled mPer3 protein decreased rapidly (Fig. 5B) . A similar result was previously reported for hPer1 and mPer1 (14, 36) (Fig. 5B) . The addition of MG-132, an inhibitor of the 26S proteasome, blocked significantly this rapid decline of the protein level (Fig. 5B) . The potential phosphorylation site mutant of mPer3, mut7, showed a longer half-life than wild-type mPer3 in the presence of CKIε (Fig. 5B) . The degradation of mPer2 also appeared to be accelerated by CKIε-mediated phosphorylation (14; data not shown). These results taken together suggest that the ubiquitin-proteasome system operates in the CKI-mediated enhancement of degradation of mPer proteins.
FIG. 2. In vivo association between mPer1 and CKIε. (A and B) Various mammalian cells were lysed in the incubation buffer. After the cell extracts were resolved by SDS-PAGE, they were analyzed by immunoblotting with anti-mPer1(N) antibody or anti-actin antibody (loading control) (A) or with anti-mPer1(C) antibody (B). (C) Myc-tagged mPer1, mPer2, or mPer3 was expressed in COS7 cells, and the cell lysates were subjected to immunoprecipitation with anti-Myc antibody (9E10). These immunoprecipitates were analyzed by immunoblotting with anti-mPer1(C) antibody (upper panel) or anti-Myc antibody (A-14) (lower panel). (D)
For coimmunoprecipitation experiments, NIH 3T3 cells were incubated in hypotonic lysis buffer and homogenized. Each of antibodies and protein G-Sepharose beads were added to the resulting supernatant. The beads were then washed with the hypotonic lysis buffer. The immunoprecipitates were analyzed by immunoblotting with anti-CKIε antibody. Anti-HA antibody and anti-Myc antibody were used as a nonrelevant antibody control.
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The CKI-induced nuclear translocation of the potential CKI phosphorylation site mutant of mPer3, mut7, was suppressed compared to that of wild-type mPer3 (Fig. 6B) . Moreover, CKIε(KR) did not induce nuclear translocation of mPer3 (Fig.   FIG. 3 (B, right panel) mPer, mCry, and CKIε form a ternary complex in cultured cells. Myc-tagged mPer1, mPer2, mPer3, mPer1⌬1085-1291, or mPer2⌬1068-1257 was expressed in COS7 cells, together with HA-tagged mCry1. The cell lysates were subjected to immunoprecipitation with anti-HA polyclonal antibody. After resolution by SDS-PAGE, the immunoprecipitates were analyzed by immunoblotting with anti-CKIε antibody. (C) mPer, mCry, and CKIε form a ternary complex in vitro. mPer1, mPer2, mPer3, mCry1, or HA-tagged CKIε was separately synthesized in vitro by using TNT T7 Coupled Reticulocyte Lysate System. mPer1, mPer2, or mPer3 was then mixed with HA-tagged CKIε, together with or without mCry1, and incubated. Each of these mixtures was then immunoprecipitated with anti-HA antibody (12CA5). The immunoprecipitates were detected with a Bio-Rad phosphorimager. 6A and B). These data suggest that CKI-induced nuclear translocation of mPer3 depends on the phosphorylation. The incomplete suppression in the case of mut7 may also indicate the existence of other phosphorylation sites. We then examined whether nuclear translocation of mPer3 is dependent on its putative NLS sequence, the existence of which was suggested by Yagita et al. (39) . We made a mutant mPer3 in which four consecutive basic amino acids in this region were replaced by nonpolar amino acids (Fig. 6B) . This mutant mPer3 remained in the cytoplasm even when CKIε or CKI␦ was coexpressed (Fig. 6B) . The mutation of this region does not affect CKI binding (Fig. 6B, right panel) . Thus, this sequence is in fact an NLS sequence, and CKI-induced nuclear translocation of mPer3 requires this NLS of mPer3. It is possible that CKIε-or CKI␦-mediated phosphorylation of mPer3 leads to unmasking of somehow buried NLS and thus induces nuclear translocation of mPer3. We performed a series of experiments in cells after a serum shock and thus examined CKIε-mediated phosphorylation and nuclear translocation of mPer3 in cells oscillating in a circadian fashion. At all time points, CKI-mediated phosphorylation and nuclear translocation of mPer3 occurred (Fig. 6C) , as in the case of nonsynchronized cells. Therefore, these results suggest that phosphorylation and changes in subcellular localization of exogenously expressed Per proteins by exogenously expressed CKI may not be significantly affected by the endogenous circadian clock. CKI and CKI␦ reduce the inhibitory effect of mPer2 on the transcriptional activity of BMAL1-CLOCK but enhance the inhibitory effect of mPer3. BMAL1-CLOCK binds to E box elements in the mPer1 gene promoter to activate transcription (2, 4, 8, 16) . The same machinery functions in expression of the clock output genes such as arginine vasopressin (13) . It has been reported that each of the three mPer proteins can negatively regulate BMAL1-CLOCK-mediated transcription (4). In our experiments, mPer2 and mPer3, but not mPer1, inhibited significantly BMAL1-CLOCK-mediated transcription (Fig.   FIG. 6 . CKI-induced nuclear translocation of mPer3 depends on CKI-mediated phosphorylation and NLS of mPer3. (A) Myc-tagged mPer3 was expressed in COS7 cells, together with or without HA-tagged CKIε, CKI␦ or CKIε(KR). The cells were fixed and incubated with primary antibodies (anti-Myc antibody [9E10] and anti-HA polyclonal antibody) and then with the appropriate secondary antibodies. The cells were examined by using a Zeiss Axiophoto. (B, left panel) Myc-tagged mPer3, mut7, or mutNLS (see the right panel) (0.9 g of DNA) was expressed in COS7 cells, together with or without HA-tagged CKIε, CKI␦, or CKIε(KR) (0.1 g of DNA). After being stained, the cells were classified into three categories in terms of location of Myc-tagged mPer proteins as nucleus (N Ͼ C), cytoplasm (N Ͻ C), or both nucleus and cytoplasm (N ϭ C). The classifications "N Ͼ C" and "N ϭ C" are indicated by dark gray and light gray boxes, respectively. More than 150 cells were examined, and the percentages of N Ͼ C and N ϭ C are shown. Experiments were performed twice with similar results. (B, right panel) A PCR-generated mutation was made in a presumable mPer3 NLS (mutNLS) and compared to the wild-type (WT) sequence. WT mPer3 or mPer3mutNLS was expressed in COS7 cells, together with or without CKIε. The cell extracts were subjected to immunoblotting with anti-Myc antibody (A-14). (C) The cells were subjected to transfection and kept in a medium containing 1% serum, after the serum shock (50% for 2 h). Myc-tagged mPer3 was expressed in COS7 cells, together with or without CKIε. The cells were then lysed (or fixed for staining) 30, 36, 42 , and 48 h after the serum shock (time ϭ 0 h). In the left panel, cell extracts were subjected to immunoblotting with anti-Myc antibody (A-14) . The electrophoretic retardation of the mPer3 protein bands results from phosphorylation. In the right panel, cells were classified after being stained into three categories with regard to the location of Myc-tagged mPer3: N Ͼ C, N Ͻ C, or N ϭ C. The N Ͼ C and N ϭ C classifications are indicated by dark gray and light gray boxes, respectively. More than 250 cells were examined, and the percentages of the N Ͼ C and N ϭ C groups are shown. 7A). CKIε and CKI␦ elevated the transcriptional activity of BMAL1-CLOCK 1.2-to 1.3-fold (Fig. 7A) . Interestingly, CKIε or CKI␦ reduced the inhibitory effect of mPer2 on the transcriptional activity of BMAL1-CLOCK (Fig. 7B) . This might result, at least in part, from the CKI-dependent enhancement of protein turnover of mPer2 (Fig. 7B, upper panel) , although the steady-state amount of mPer2 was not markedly decreased in the presence of CKIε or CKI␦. Remarkably, CKIε or CKI␦ enhanced the inhibitory effect of mPer3 on the activity of BMAL1-CLOCK (Fig. 7B) , even though the amount of mPer3 was decreased significantly (Fig. 7B) . This may be attributed, at least in part, to CKIε-or CKI␦-dependent nuclear translocation of mPer3 (Fig. 6) . In fact, the inhibitory activity of the potential phosphorylation site mutant of mPer3, mut7, was not significantly enhanced by CKI, although the CKI-induced decrease of the protein level was less significant (Fig. 7B) . CKIε or CKI␦ did not affect the inhibitory effect of mCry1 and mCry2 on the transcriptional activity of BMAL1-CLOCK (Fig.  7C) . These results suggest that the effect of CKI on the E-boxmediated transcription is clearly seen only in the presence of mPer proteins and that the inhibitory effects of mPer2 and mPer3 are differently affected by CKI.
DISCUSSION
We have presented here several lines of evidence suggesting that CKIε and CKI␦ regulate the mammalian circadian feedback loop by interacting with and phosphorylating mPer proteins. First, we examined interaction of CKIε and CKI␦ with each component of the feedback loop and found that both CKIε and CKI␦ bind to and phosphorylate mPer proteins specifically. Evidence was also presented for in vivo association of mPer1 with CKIε in NIH 3T3 cells. Second, CKIε and CKI␦ were shown to promote the rapid degradation of mPer proteins. Third, CKIε and CKI␦ were found to induce nuclear translocation of mPer3. Subcellular localization of mCry1, mCry2, and mBMAL1 was not affected at all by CKIε or CKI␦ (data not shown). Finally, the effects of CKIε and CKI␦ on E-box-mediated transcription were observed only in the presence of mPer proteins. These results, together with the recently reported results concerning the interaction of CKIε with mPer proteins (14, 30, 36) , suggest that CKIε and CKI␦ play a role in regulation of the circadian rhythm by controlling the functions of mPer proteins. The shortened period length of the circadian rhythm in tau mutation (19) may be attributed to hypophosphorylation of mPer proteins.
Next, we determined potential CKIε phosphorylation sites on mPer3. The effect of CKI on the degradation and change in subcellular localization was most marked in mPer3. Therefore, we selected mPer3. Our results demonstrated that the highly conserved serine-threonine cluster in the middle portion of the CKI-interacting region of mPer proteins is a subset of potential CKI phosphorylation sites of mPer3. A recent report suggested that the S662G mutation causes hypophosphorylation of Per2 by CKI in vitro (34) . The analyses with the potential phosphor- FIG. 7 . The effect of CKI on the E-box-mediated transcription is seen only in the presence of mPer proteins, and the inhibitory effects of mPer2 and mPer3 are differently affected by CKI. The amounts of the constructs transfected varied depending on the experiment: mBMAL1 (100 ng), mClock (100 ng), and mPer (700 ng) (A and B) and mBMAL1 (250 ng), mClock (250 ng), and mCry (400 ng) (C). The amount of CKI expression vector (in micrograms) is shown in each panel. The total amount of DNA per well was adjusted to 1.1 g by adding pcDNA3 vector as the carrier. At 36 h after transfection, COS7 cells were scraped into 150 l of reporter lysis buffer and then centrifuged. The supernatant was used to detect the luciferase activity. The data were normalized for ␤-galactosidase activity. The relative luciferase activities (means Ϯ the standard deviations; n ϭ 3) are presented. These experiments were repeated three times, and the data shown are representative. (A) The effect of CKIε, CKI␦, mPer1, mPer2, or mPer3 on mBMAL1-mCLOCK-mediated transcription. (B) CKIε and CKI␦ reduce the inhibitory effect of mPer2 on the transcriptional activity of BMAL1-CLOCK but enhance the inhibitory effect of mPer3. The amounts of the mPer proteins are shown (upper panel). mut7 is one of the potential phosphorylation site mutants of mPer3 (see Fig. 4B ). The data for the effects of CKIε(KR) on the inhibitory effect of mPer proteins were normalized, since CKIε(KR) suppressed the transcriptional activity of BMAL1-CLOCK to some extent (data not shown). (C) CKIε or CKI␦ does not affect the inhibitory effect of mCry1 and mCry2 on the transcriptional activity of BMAL1-CLOCK. In locomotor activity rhythms, the circadian cycle length was significantly (0.5 h) shorter in mPer3-deficient mice than that in controls (26) . Thus, mPer3 may play some role in determining the normal circadian period. Moreover, alterations of CKI-dependent regulation of subcellular localization and protein stability of Per proteins may cause sleep disorders such as FASPS and DSPS (7, 34) . Interestingly, although both the CKIε-interacting domain and the phosphorylation sites on three mPer proteins seem to be located in nearly the same region of the molecules (36) (Fig.  3A) , the effects of CKIε-mediated phosphorylation on each mPer protein are not the same. It has previously been reported that the coexpression of CKIε leads to masking of the NLS of mPer1 and thus its cytoplasmic retention (36) . On the other hand, our results have shown that CKIε and CKI␦ are able to induce the nuclear translocation of mPer3, which requires its NLS. The phosphorylation in this case may lead to unmasking of the mPer3 NLS. Therefore, masking or unmasking of signal sequences such as NLS by the phosphorylation-mediated conformational change may determine the subcellular localization of mPer proteins. Moreover, while CKIε and CKI␦ reduce the inhibitory effect of mPer2 on the transcriptional activity of BMAL1-CLOCK, they enhance the inhibitory effect of mPer3. The enhancement of the inhibitory effect of mPer3 by CKIε and CKI␦ appears to result from nuclear translocation of mPer3. We examined whether the CKIε affected the inhibitory effect of mPer3mutNLS on the transcriptional activity of BMAL1-CLOCK and found that CKIε did not affect the inhibitory effect of mPer3mutNLS (data not shown). Thus, the CKI-mediated phosphorylation could have different effects on regulation of the function of each mPer protein. It is thought that each of three mPer proteins may have specific roles in the mammalian circadian feedback loop. Actually, in the suprachiasmatic nucleus, expression of mPer1 and mPer2 is rapidly induced by light exposure, whereas that of mPer3 is not induced at any phase of the clock (31, 41) . Moreover, the detailed analyses in mutant mice suggest a model in which mPer2 rhythmically stimulates the expression of BMAL1, whereas mPer3 may function as an "output" protein, transducing the oscillation of the central circadian clock to effector genes (28) . Our result that the CKI-mediated phosphorylation induces specific changes in each of mPer proteins suggests that CKIε and CKI␦ may function to ensure that each mPer proteins should have different and specific roles in the mammalian circadian autoregulatory loop.
In Drosophila, Dbt-mediated phosphorylation destabilizes dPer so that the level of dPer increases only when dTim increases (17, 21, 24) . Thus, one way in which phosphorylation may contribute to circadian timing is to destabilize mPer proteins. In this study, we have shown that CKIε and CKI␦ promote degradation of mPer proteins, which is dependent on the ubiquitin-proteasome pathway. Although it has not yet been examined whether the activity of CKIε or CKI␦ shows a circadian oscillation, the mRNA level of doubletime in Drosophila or the protein level of CKIε in hamster brain has been shown to be nearly constant (17, 19) . Per proteins are expressed in a circadian fashion, and thus the expressed Per proteins become phosphorylated by CKI, which appears to be constitutively active. Therefore, it is possible that the CKI-mediated phosphorylation and degradation of Per proteins would apparently show a circadian oscillation. In Drosophila, the dPer-dTim interaction is necessary for both stabilization and nuclear translocation of dPer. Only the dPer monomer is thought to be a substrate for Dbt. In mammalian cells, the Per-Tim interaction is not so apparent, and Per-Per and Per-Cry interactions appear to be dominant. Per proteins in these dimers might be poorer substrates for CKI than monomeric forms of Per proteins. These points should be investigated in more detail in future experiments.
Cry proteins have previously been shown to be strong candidates for negative regulators in the autoregulatory loop (18) . Recent studies on tau, FASPS and DSPS have shown that the CKI-mediated phosphorylation of mPer proteins also plays an important role in the robust circadian rhythm (7, 19, 34) . Although the effect of CKI on the BMAL1-CLOCK-mediated transcription was not very large, CKI may regulate the circadian period length by controlling both protein turnover and subcellular localization of Per proteins. Since clock proteins bind to one another in a complex manner, the changes of subcellular localization and protein stability in mPer proteins may evoke complex changes in the fundamental machinery of circadian clock. Our results have shown that mPer, mCry, and CKI form a ternary complex and therefore CKI might affect the functions of Cry proteins through Per proteins. Further studies on posttranscriptional regulation of mPer proteins would uncover molecular mechanisms by which the robust circadian rhythm is maintained and thus will lead to molecular understanding of human sleep disorders such as FASPS and DSPS.
